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Particle size measurements were obtained at the grain exit
and nozzle entrance in a solid fuel ramjet combustor using a
boron based fuel. The particle size distributions at the aft
end of the fuel grain were generally quadra-modal, with mode
peaks at 2, 4, 15, and 25 - 45 microns. At the nozzle
entrance the distributions were tri-modal, due to the complete
oxidation of the 2 micron particles. D3 2 and the size of the
largest agglomerates increased with increasing equivalence
ratio (or grain length) , indicating that the longer grains
result in more surface agglomeration. Combustion efficiency
increased with equivalence ratio. A direct correlation of
particle size alone with combustion efficiency was not obvious
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A. INTEGRAL ROCKET RAMJET
Solid fuel ramjet (SFRJ) propulsion has been proposed for
air-to-air and air-to-surface missile applications. The
ramjet concept is the simplest of all airbreathing engine
cycles. However, a rocket boost is required to accelerate
the missile to a minimum ramjet takeover velocity of about
Mach 1.5 [Ref. l:p. 4], since the ramjet doesn't produce any
thrust at zero airspeed.
A sketch of a typical SFRJ integral rocket ramjet missile
configuration is shown in Figure 1.1. The inlet diffuser
slows the inlet air to subsonic speed, thereby increasing the
static pressure. Combustion stability is provided by a
flameholding mechanism (i.e. bluff body, sudden expansion,
etc.) at the air inlet. Fuel from the walls mixes and burns
with the inlet air and thrust is developed by expansion of the
flow through the exhaust nozzle to supersonic velocities.
The solid fuel ramjet has no need for a fuel management
system. Thus, the SFRJ has the advantage of a simpler and
less expensive system than its liquid fueled (LFRJ)
alternative. Yet, the performance of the SFRJ at certain
equivalence ratios approaches that of the LFRJ. Although
relatively good performance has been demonstrated with
hydrocarbon fuels, high energy metallized fuels have been
developed that yield high combustion efficiency, while

















Figure 1.1. Bypass-type, Solid-fueled, Integral Rocket
Ramjet [Ref. l:p. 40]
B. RAMJET COMBUSTION
A flameholder is required in the combustor to stabilize
the flame and is typically done by a sudden expansion from the
inlet diffuser to the fuel grain, as indicated in Figure 1.2.
Historically, an aft mixing chamber has been required to
improve the overall combustion efficiency of the reacting
fuel/air mixture. Bypass air is also used to improve mixing
(thereby improving combustion efficiency) and reduce air flow


















Figure 1.2. Basic Solid Fuel Ramjet Combustor and
Important Characteristics [Ref. 2:p. 159]
A sketch of the combustion process that occurs for a non-
metallized fuel is shown in Figure 1.3a. The combustion
phenomena for non-metallized fuels are well understood [Refs.
4-6]. The fuel regression rate depends on the convective and
radiative heat transfer from the gas-phase diffusion flame to
the fuel surface. The diffusion flame is established in the
turbulent boundary layer near the fuel surface [Ref. 4]. The
regression rate is primarily a function of air mass flux and
inlet air temperature.
The combustion phenomena are quite different for
metallized fuels. Gany and Netzer [Refs. 2,3] describe the
suspected combustion process for metallized fuels and this is
sketched in Figure 1.3b. The radiative heat transfer has two
sources in metallized fuel combustion: a weaker diffusion
AIR FLOW
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Combustion and Flow Characteristics in the
SFRJ Combustor [Ref. 3:p. 424]
flame (due to less hydrocarbon in the fuel) and the hot metal
particles in the flow. The diffusion flame is expected to lie
closer to the fuel surface. There is little or no oxygen at
the fuel surface, hence, the metal particles can heat up, but
will not ignite. In the combustion process the hydrocarbon
vaporizes at the surface exposing the metal fuel particles.
As more of the surrounding hydrocarbon fuel vaporizes the
metal particles tend to coalesce before being ejected into
the main flow. Ejection of the metal particles and
agglomerates off of the fuel surface may be due to pressure
forces or decomposition of the fuel surface with the help of
cross-flow forces. A particle may collide with other
particles and agglomerate and, if the particle gets hot enough
(which depends upon the particle's size and trajectory), it
will ignite when it comes in contact with the oxidizer. The
agglomeration of metal particles may be one reason for poor
combustion efficiency.
The oxide coating that surrounds the particle slows the
rate of chemical reaction. Rapid oxidation of boron requires
a gas temperature of about 1900 K [Ref. 7]. A finite
combustor residence time is required for complete combustion
and may be as much as 4 ms for a large agglomerate (50 urn)
[Ref. 8:p. 43]. Since residence time is about 3 ms for an
operational combustor, combustion efficiency may be poor.
Until recent years the combustion efficiency of metallized
fuels (boron, magnesium, titanium, aluminum, etc.) had been
poor. The use of additives has significantly improved the
performance of some of these fuels, yet others still exhibit
poor performance. The reason for the success of these
additives with some fuels, but not all, is unclear. It is
believed that the catalyst enhances the heat release near the
surface. The oxide layer surrounding the metal particle
reaches its boiling point sooner, so that the oxidizer can
reach the metal particle and cause it to ignite.
C. PARTICLE SIZE MEASUREMENT
Measurement of the particle sizes and distribution at
different locations in the combustor may provide insight into
the combustion of metallized fuels and the resulting
combustion efficiency. Researchers [Refs. 9,10] have used
photographic methods to estimate particle size and
distribution in the reacting flow environment of the solid
fuel ramjet. Karadimitris [Ref. 9] took high speed movies of
metallized fuel combustion in the recirculation zone and in
the boundary layer region using a two-dimensional combustor
setup. Paty [Ref. 10] utilized holography in a windowed, two-
dimensional combustor to determine particle sizes near the
fuel surface and in the gas stream. This technigue was
limited to a resolution of about 20 /xm, and most of the
particles appeared to be smaller than this.
Particle size distributions need to be determined with a
resolution of approximately 1-2 microns, if correlations with
combustion efficiency are to be attempted. In addition, if
it can be determined how the particle size distribution varies
axially and radially through the combustor, then perhaps
particle behavior can be related to measured combustion
efficiency. Of course, the particle behavior can be expected
to vary with combustor residence time, equivalence ratio,
inlet air flow conditions, and fuel composition. Successful
correlation of particle behavior with obtainable combustion
efficiency should provide the information needed to better
tailor fuel properties with flow conditions in order to
optimize performance.
For particles larger than 1 micron, forward light
diffraction measurements have been effective in determining
particle size distribution [Ref. 11]. The Malvern Particle
Sizer [Ref. 12] is one instrument which can provide particle
size distributions for ensembles of particles.
The objective of this investigation was to measure the
axial variation of the particle size distribution for boron-
based solid fuels under different flow environments and to
determine if measured performance could be correlated with the
particle behavior. Two-dimensional SFRJ combustors cannot be
used to obtain meaningful combustion efficiency measurements.




Solid fuel ramjet tests were conducted at the Naval
Postgraduate School Combustion Laboratory. A subscale 2-h
inch, coaxial dump, axisymmetric combustor configuration, as








' III! Illl Illl Illl Ilir,
AT















Figure 2.1. SFRJ 2-% Inch Direct-Connect Combustor
9
The fuel grain was bolted between the inlet and the aft mixing
chamber. The mixing chamber was insulated with DC9 3-104 1 to
reduce heat loss through the combustor wall. A sonic nozzle
(with graphite insert) bolts onto the aft mixing chamber.
A blowup of the window assembly can be seen in Figure 2.2.















Figure 2.2. Window Assembly
Dow Corning product with good high temperature
characteristics. It is an ablative material that begins to char
in the temperature range from 7 00 - 14 00 F, and reaches a hard char
at 1600 - 2500 F, forming a heat resistant barrier [Ref. 13:p. 23].
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held in place by a retainer. The windows were kept clean
during the combustion test by the purge gas (air) flowing
through the sintered bronze, keeping the window chamber free
of combustion products. From 5 - 10% of the total mass flow
was required as purge gas, with more purge needed at the
higher equivalence ratios, yet the largest window was still
difficult to keep clean. The openings at each side of the
test section were only large enough for the beam and scattered
light to pass through. Stainless steel inserts plugged the
window chambers for tests when the windows were not required.
B. NPS COMBUSTION LABORATORY
The facility has been discussed previously [Ref . 10] . A
schematic of this facility is shown in Figure 2.3. Air flows
from the high pressure (3000 psia) air storage through a
choked nozzle to an air heater. Methane and ethylene were
used as fuels for the air heater and oxygen was injected
downstream of the heater to ensure that the vitiated air
contained 2 3% oxygen by mass. The heater was acoustically
isolated from the ramjet combustor with a sonically choked
orifice.
C. TEST PROCEDURE
Air was bypassed to the atmosphere until the heater


























AIR STORAGE (3000 Psia)
ETHYLENE
OXYGEN
Figure 2.3. NPS Subscale Ramjet Blowdown Facility
the combustor, initiating a computer controlled sequence of
events in which the fuel grain was preheated about 4 seconds,
the ramjet combustor was ignited and sustained for the desired
12
burn time, and finally quenched at the end of the test. The
air heater was secured immediately after the burn ended. The
ethylene/oxygen torch ignited the ignition gas (ethylene)
which in turn ignited the ramjet fuel grain. Approximately
a one second ignition time was required for good ignition.
Argon was used to quench the metallized fuel and nitrogen was
used to quench the hydroxyl-terminated polybutadiene (HTPB)
fuel
.
HTPB (an all hydrocarbon fuel) and boron carbide/HTPB (a
highly loaded metallized fuel) were used as solid fuel ramjet
fuels. Both fuels were supplied by the Naval Weapons Center,
China Lake, CA. HTPB was the baseline fuel for performance
comparisons. The boron carbide (B
4
C) particles used in the
metallized fuel were manufactured by the Norton Company and
had a nominal size distribution as shown in Figure 2.4. The
Sauter mean diameter for these particles was about 9 microns.
The nozzle throat diameter was sized to maintain a nominal
combustion pressure of 100 psia for all test conditions. The
desired equivalence ratio was obtained by cutting the fuel
grain to the appropriate length. The required fuel grain
length at an initial port mass flux of 0.5 lbm/in2-sec ranged
from 3 inches (0 = .2) to 13.0 inches (0 = 1.0). The fuel
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c Particle Size Distribution
D. TEST MATRIX
The desired combustion test matrix is presented in Table
1. Due to delays in combustor fabrication, only tests with
G = .5 lbm/in2-s, T,- = 1400 R and P
c
= 100 psia were conducted.
Three tests were conducted with the metallized fuel at each
condition. One test was for performance determination, one
for particle size sampling at the forward end of the mixing
chamber (station 3.1), and one for particle size sampling at
the aft end of the mixing chamber (station 3.3).
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TABLE 1. TEST MATRIX FOR HTPB AND B AC/HTPB FUELS
G Pc Tj Comment
lbm/in2-sec psia deg R


















* These conditions not tested with HTPB fuel
E. PARTICLE SIZE MEASUREMENT
1. Malvern particle sizer
Particle size measurements were made with a Malvern
particle sizer (Model 2600 HSD) . A schematic of the Malvern
system is presented in Figure 2.5.
A 2mW He-Ne laser produced a collimated, monochromatic
beam of light that illuminated the particles. The incident
light was diffracted by the particles to give a stationary
diffraction pattern independent of particle position and
velocity. The instantaneous size distribution depended on the
diffraction pattern. The Malvern 2600 Particle Sizer is based
on far-field, near-forward Fraunhofer light diffraction. With








Figure 2.5. Malvern 2600 Particle Sizer [Ref. 12]
suitable number of samples (sweeps) were recorded and averaged
to yield a final "measured" diffraction pattern. Typically,
50 sweeps were sufficient for a good average with a single
sweep requiring about 7 msec for data collection.
The scattered light was focused onto a multi-element,
photo-electric detector by a Fourier transform lens. The
scattered light was measured at 31 discrete angles using
concentric annular diodes. The photo-electric detector
produced an analog signal proportional to the incident light
intensity. An IBM/AT computer was interfaced to the detector
and performed the integrations digitally.
The background scattered light was measured prior to
the combustion test with cold air flowing through the
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combustor. These voltages were subtracted from those obtained
during the combustion test with particles present. In
addition, the transmitted light was measured during the cold
flow and ramjet combustion tests. These data were used to
determine if multiple scattering effects were present and to
determine the particle concentration according to Beer's Law.
The Malvern-provided software performs a non-linear
least squares fit to the diffraction pattern to find the size
distribution which gives the closest fit between the measured
intensity profile and the theoretical profile expected from
Fraunhofer diffraction. Multi-modal particle distributions
were determined by this method. It was assumed that the
particles could be separated into 32 discrete size bands.
Particle sizes from 1.9 - 188 microns were measured in this
way. [Ref. 12]
2. Alignment
Alignment of the Malvern 2600 particle sizer required
care. A bandpass filter that blocked sunlight, while allowing
the laser beam and scattered light to pass through, was placed
over the lens. Reflections between the filter and the lens
were minimized by rotating the filter while the Malvern system
was in the align mode. Best results were achieved with the
filter mounted directly on the lens.
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The combustor test section was then mounted.
Secondary reflections from the fused silica windows were
difficult to eliminate. Rotating the combustor window section
about 3 degrees was sufficient to place the reflected beams
off of the ring diode. The windows were parallel to each
other in the test section. A better method would have been
to cock the windows relative to each other in order to prevent
reflected light from striking the diode.
3. Particle Size Measurement Test Procedure
The ramjet combustion test procedure was modified
slightly for tests during which a particle size measurement
was taken. The window purge gas was activated just before the
vitiated air was switched to the combustor. In the initial
procedure, the window purge gas was left on for the duration
of the test and was not shut off until after a post test
measurement (to determine if window contamination occurred)
had been made. After review of tests using this procedure it
was determined that beam steering was caused by the
interaction of the cold air wind^ purge with the hot
combustor flow.
Another procedure was developed in which the window
purge gas was stopped immediately before particle size data
was to be obtained. A measurement sample was then acquired
and the window purge was reactivated to prevent destruction
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of the windows. A post test measurement was taken to compare
with the original background measurement as an indicator of
fouled windows. Beam steering was significantly reduced,
making this the preferred procedure, even though some
uncertainty existed as to how much window contamination had
occurred at the time of the measurement.
It was desirable to take more than one particle size
measurement during a test. However, a limitation in the
Malvern-provided software prevented this. High obscurations
of 60 - 98% were observed during combustion tests. This high
obscuration activated an alarm which locked the computer for
up to eight seconds. The total combustor burn time was only
about nine seconds. Thus, one measurement was taken about 3 -
5 seconds after ramjet ignition.
F. INSTRUMENTATION
Instrumentation for determining combustor performance
consisted of combustor static pressure, inlet air temperature,
flow rates and thrust measurements. The location of the
static pressure taps in the inlet and combustor are displayed
in Figure 2.6 and a complete list of instrumentation is
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Figure 2.6. Inlet/Combustor Instrumentation Locations

























Air total pressure (0 - 2000 psig)
Heater pressure (0 - 500 psig)
Oxygen total pressure (0 - 1000 psig)
Window purge gas pressure (0 - 500 psig)
Heater gas pressure (0 - 2000 psig)
Ignition gas pressure (0 - 500 psig)
Inlet static pressure (0 - 200 psig)
Combustor static pressure (0 - 500 psig)
it ii it it it ii
" " " (0 - 200 psig)
" " " (0 - 500 psig)
Air temperature (type K)
Oxygen temperature (type K)
Window purge gas temperature (type K)
Heater gas temperature (type K)
Ignition gas temperature (type K)
Inlet air temperature (type K)
Thrust (0 - 500 lbf)
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G. DATA ACQUISITION
Data acquisition, reduction, and system control were
achieved with a Hewlett-Packard 3054A system. Data was
sampled and stored every .5 seconds for post test analysis.
Primary components in the system were a HP-9836S computer, a
HP-3497A data acquisition and control unit and a HP-3456A A/D
inteqratinq voltmeter. In addition, analoq traces of chamber
pressure and thrust were recorded. The analog record also
located the exact time of the particle size measurement.
21
III. RESULTS
Seventeen tests were conducted and the steady state data
are tabulated in Table 3. Air mass flux, inlet air
temperature, combustion pressure, and combustor residence time
were held approximately constant for these tests. Combustor
residence time varied from 3 to 5 msec during these tests, but
other data have indicated that little improvement in
combustion efficiency occurs after 3 or 4 msec. Equivalence
ratio and combustor flow Mach number were the only variables.
TABLE 3. TEST RESULTS
Test Fuel
"air wf wp G Ti 7i
lbm/s lbm/s lbm/ s lbm/inz-s deg R
1 HTPB 1.13 .029 .369 .486 1148 1.361
2 it 1.13 .031 .392 .480 1184 1.357
3 B«C/HTPB 1.16 .047 .013 .402 .496 1254 1.353
4 1.13 .048 .028 .423 .482 1301 1.350
5 1.14 .050 .031 .428 .490 1302 1.349
6 1.13 .051 .049 .441 .483 1443 1.342
7 1.12 .054 .061 .466 .482 1272 1.354
8 1.12 .121 .065 1.03 .476 1231 1.357
9 1.10 .116 .086 .992 .466 1251 1.356
10 1.09 .087 .089 .744 .467 1266 1.355
11 1.10 .083 .092 .704 .468 1217 1.358
12 1.11 .069 .083 .585 .475 552 1.400
13 1.11 .047 .081 .399 .475 1210 1.358
14 1.12 .048 .430 .487 1219 1.358
15 1.12 .118 1.07 .474 1228 1.357
16 1.08 .084 .782 .469 1239 1.356
17 1.10 .047 .092 .395 .472 1217 1.358
22
TABLE 3. CONTINUED
Test P« PM 7« 7 5 M« D5 cd r) Wes psm
psia psia in msec msec
1 149 150 1.284 1.322 .112 .977 .992 .87 4.4 *
2 102 104 1.280 1.309 .173 1.21 .994 1.0 4.0 *
3 107 109 1.259 1.267 .168 1.20 .993 .79 4.4 *
4 105 107 1.259 1.263 .168 1.19 1.00 .75 4.4 **
5 107 109 1.258 1.263 .172 1.19 1.02 .76 4.3 **
6 110 112 1.260 1.260 .168 1.19 1.00 .77 4.3 ***
7 105 107 1.259 1.260 .171 1.19 1.02 .70 4.3 3
8 141 144 1.234 1.239 .172 1.20 1.01 .96 3.4 ***
9 106 110 1.234 1.236 .234 1.38 1.02 1.05 3.2 8.8
10 94.5 97.6 1.241 1.245 .228 1.38 1.00 .84 3.7 ****
11 93.0 96.2 1.243 1,245 .236 1.37 1.04 .91 3.5 2.8
12 92.3 96.5 1.250 1.250 .227 1.37 1.01 .97 3.7 2.5
13 103 105 1.261 1.270 .168 1.18 1.02 .67 4.6 3.5
14 103 105 1.260 1.265 .161 1.17 .991 .67 4.7 *
15 103 106 1.234 1.238 .227 1.37 1.00 1.00 3.3 *
16 89.1 92.0 1.239 1.245 .226 1.37 .997 .86 3.6 *
17 94.7 96.6 1.262 1.270 .177 1.21 1.02 .58 4.5 2.8
* Malvern 2600 not used
** Improper alignment
*** Lost data
**** particle size measurement made as combustion ended
23
The first two tests were facility and instrumentation
checkout tests using HTPB as the ramjet fuel. The remaining
tests were with BAC/HTPB metallized fuel. Tests 3-6 were
required to verify both the ability of the window purge to
keep the windows clean during the combustion test and whether
proper beam alignment was maintained. It was determined from
these tests that merely reducing the intensity level of
reflected light on the diode was not good enough. The
reflections had to be diverted off of the diode, such that no
reflected light could strike the diode during a test.
Tests 7-13 were conducted with the Malvern system at
one of two test locations (station 3 . 1 or station 3 . 3 as shown
in Figure 2.6) . During these tests particle size measurements
were made with the window purge gas flowing. Test 17 was
conducted using the preferred window purge procedure described
previously. Although the diffracted light pattern was
somewhat different for tests 7 and 17, the particle size
distributions were nearly identical, as shown in Figures 3.1
and 3.2. Beam steering was evident on the first three diode
rings. This data was suppressed before the particle size
distribution was calculated. Elimination of the inner ring
measurements will bias the results only if very large
particles (> 50 /xm) are present. Finally, tests 14 - 16 were
conducted for performance data only.
24
Malvern Instruments MASTER Particle Sizer M6.10 Date 20-09-89 Tine 13 57




































System nunliBr 2040 Diode EP.407
a) Test 7
Malvern Instrunents MASTER Particle Sizer M6.10 Date 23-09-89_TiHe_15-44

















































SysteH nunber 2018 Diode DR487
b) Test 17
Figure 3.1. Light diffraction pattern
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Malvern Instruments MASTER Farticle Sizer H8.10 Date 2089-89 Tine 18-58
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Systen nimber 2848 Diode DR187
a) Test 7








Systen nimber 2018 Diode DR487
b) Test 17
Figure 3.2. Particle Size Distribution
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Particle size distributions (volume and number basis) for
tests 7-13, and 17 are included in the Appendix. A summary
of this data is presented in Figures 3.3 (volume distribution)
and 3.4 (number distribution).
Some general observations can be made from the particle
size data in Figures 3.3 and 3.4. The particle size
distributions were typically quadra-modal with peaks at
approximately 2, 4, 15, and 25 - 45 microns. D3 2 increased
with increasing equivalence ratio. See also Figure 3.5. D3 2
was constant across the mixing chamber, since smaller
particles were consumed (which increased D3 2 ) and larger
particles were partially consumed (which decreased D3 2 )
.
The largest particles that were present must have been
formed from the surface agglomeration of small particles,
since the largest particle diameter in the fuel was 20
microns. The mean diameter for these large agglomerates
increased from 34 to 45 microns with increasing equivalence
ratio. This result may indicate that the longer fuel grains
permit more agglomeration due to particle motion along the
fuel surface.
A comparison of particle sizes and their respective masses
and numbers at stations 3.1 and 3.3 indicated that the
smallest particles (<2 /xm) were consumed in the combustion
process, as expected with burning time requirements of less
than 2 msec [Ref. 8]. Some of the largest particles appeared
27
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4 9 , 12 23 , 34^
17 <2
2 ,
4 9 , 13 23 , 34^
22 ^2^, Hj, 1525, 67
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Example: Test 7 (0 = .466)
D3 2 = 18 jm
Peaks at 4, 12, and 34 /im
9% of the mass is distributed at 4 /Lim
Figure 3.3. Particle Size Results (Volume Distribution)
28
~LfJJ
v nu uu uu uu uu un nn nu uu uu
a







Station 3.1 Station 3.3















4 87 , 12„, 34
17 <2 9Q/ 4 9 , 13 11# 34
2 2 <2j^f 4 22/ l->2'
79' 19' -^"^2'
18 <2
, 4^, 9 20 , 25,
20 <2
,
4 93 , 15 6 , 42 1
Example: Test 7 (0 = .466)
D3 2 = 18 Mm
Peaks at 4, 12, and 3 4 /xm
87% of particles are distributed at 4 /Ltm
Figure 3.4. Particle Size Results (Number Distribution)
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to either break up into smaller particles or be consumed at























Figure 3.5. Sauter Mean Diameter vs. Equivalence Ratio
of unburned particles was concentrated in the largest
particles, which are few in number. These particles passed
through the mixing chamber without being completely oxidized,
as expected for the short residence times in that region.
30
From the normalized combustion efficiency plotted in
Figure 3.6, combustion efficiency is observed to increase with
increasing equivalence ratio. In this figure, all temperature
rise combustion efficiencies were determined from the static
combustor pressure at station 4.0 and normalized by the
combustion efficiency at <p = 1.0. Cold window purge air was
seen to possibly increase combustion efficiency through forced
mixing of oxygen with hot boron carbide particles. This may
indicate that hot bypass air may result in significant
improvement in combustion efficiency.
a



















+ No Window Purge
I I I
2 0.4
i i i i i i
0.6 0.8 1 1
Equivalence Ratio
2
Figure 3.6. Normalized Combustion Efficiency for B4C/HTPB
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As discussed above, the majority of the mass was
concentrated in the larger particles, so it is important that
these be broken up and consumed or prevented from forming.
It is desirable to correlate the unburned fuel directly to
combustion efficiency. A mass concentration of the particles
in the flow is required. A volume concentration was estimated
based on the transmittance, however it was found that beam
steering significantly affected the measured transmittance.
One would not expect the amount of beam steering to be
constant from test to test, so this estimate for volume
concentration could not be used. A measurement for
transmittance that is not affected by beam steering (such as
a large diode and a laser with small beam diameter) is
required for a combustion performance correlation with
particle size behavior to be derived.
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IV. SUMMARY AND CONCLUSIONS
Particle size measurements were taken in the combustion
environment of a metallized solid fuel ramjet. These
measurements required care in alignment of the Malvern system
and in the measurement procedure in order to obtain good
results without biasing due to beam steering and secondary
reflections. Additional effort is in order to improve the
procedure, such that clean windows during the sample period
are ensured.
The particle size distributions at the aft end of the fuel
grain were generally quadra-modal, with mode peaks at 2 , 4,
15, and 25 - 45 microns. At the nozzle entrance the
distributions were tri-modal, due to the complete oxidation
of the 2 /im particles. D3 2 and the size of the largest
agglomerates increased with increasing equivalence ratio
(grain length) , indicating that the longer grains result in
more surface agglomeration. D3 2 did not change across the
mixing chamber as a result of the complete oxidation of the
large number of smallest particles, thus balancing the partial
oxidation of the larger, but fewer, particles where most of
the mass was concentrated.
Combustion efficiency increased with equivalence ratio.
A direct correlation of particle size alone with combustion
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efficiency was not obvious and may require a more accurate
measurement of particle concentration. A combustion
temperature above some limiting value may be required for
combustion of the particle fragments to occur. This may
explain the observed increase in combustion efficiency with
equivalence ratio.
Cold air window purge appeared to increase combustion
efficiency. This air can enhance both particle breakup and
oxidation. This observation implies that hot bypass air may
result in significant improvements in combustion efficiency.
Combustion performance may possibly be correlated with the
particle size distribution, if the mass concentration of
unburned fuel in the combustion chamber can be determined.
This will require a measurement of light transmittance through
the reacting flow that is not sensitive to beam steering.
Thus, five tests will be required for a single flow condition:
one test for performance, two tests for particle size
distributions and an additional two tests for a light
transmittance measurement at each station.
The data base from this investigation was quite small.
Expansion of this data base is required to validate the
conclusions observed. This should include investigation of
the particle size distribution for other air mass fluxes,
combustor chamber pressures and inlet air temperatures. Once
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APPENDIX A (TEST 7)
Malvern Instruments IWSTIR Particle Sizer M6.18 Date 20-99-89 line 13-57
Source test7 Record 2
Focal length 188




I fP ill \\m
5 412.19 21: 419.98:
i 434.87 22: 515.38:
7 541.59 23: 623.67:
8 596.52 24: 728.61:
9 397.37 25: 844.96:
18 742.98 26: 822.48:
11 627.67 27: 731.35:
12 424.86 28: 482.68:
13 396.73 29: 437.14:
14 528.32 38: 586.49:
15 696.31 31: 585.25: Ring No.
SysteM ouitLer 2043 Diode DR487
Malvern Instruments MASTER Particle Sizer M6.1B Date 28-99-89 Tine 18-58
System nuMJker 2848 Diode DR487








37.2 100.0 : 188.0 87.2 0.0 :
53.5 100.0 i 87.2 c: c 0.0 :
37.6 73.6 : 53.! j. .a 20.; :
•3.: 31.9 :
31.8 : fa lU
47.8 :
5.0 :
is.; 31. 8 : 21.5 15.7 0.0 :
13.0 27.3 : 16.7 . V 4.1 :
10.1 8.6 : 13.0 10.1 >H j
7.? 3.5 : 10.1 i . J
3,o :
1.3 3.6 : 5.2 i, 0. * ;









Resul t source 1 t est7
Record No. = 2
Focal length = 100 m.
£»;er i»en: type pi a
Voiiiae distribution
Beaa length = 6,4 ii.
Obscurat ion =0.62:3
Volaae Cone. = 0.0304 I
Log. 3iff. =6.15
*;o*l into
Otv.0.5) = 32.6 u*
3(v,C.;) = 40.5 Irt
.IV....I = .0.3 ...








Syste- RuaSet 2043 :.::« 3?4E"
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Malvern Instruments MASTER Tarticle Sizer M6.10 Date 2009-89 Tine 19-01
1001 1 1
—
l l l I M I 1 1—i i i i i ii 1 1—i i i i i i i 1 20
y. 50
18 100
reticle size (uh). 2 SSLIS*.
Systen mmber 2018 Diode ER187
Halvern Instruments MASTER Particle Siier MS. 10 Date 20-03-33 Time 19-02
Result source- test
7
Record No. = 2




microns 7. under Biicrons 7. :
18B.0 100.0
87.2 100.0 183.0 87.2 n.f) :
53.5 100.0 87.2 53.5 0.0 :
37.6 33.8
Cl C
J j . J 37.6 0.2 :
28.
1
98.7 37.6 - 28. 1 1.1 :
21.5 38.7 28.1 21.5 0.0 :
16.7 98.7 21.5 16.7 0.0 :
13.0 37.7 16.7 13.0 1.0 :
10.1 87.4 13.0 10.1 10.3 :
7.9 87.4 10.1 7.3 0.0 :
6.2 87.4 7.3 5.2 0.0 :
4.8 87.4 6.2 4.3 0.0 :
3.8 0.0 4.8 3.8 87.4 :
3.0 0.0 3.8 3.0 0.0 :
2.4 0.0 3.0 2.4 0.0 :

























Systen number 2048 Diode DR487
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APPENDIX B (TEST 9)
Malvern Instruments MflSIEE Particle Sizer M6.18 Date 28-89-S9 line 19-22

















































System numier 2048 Diode DR487






1 1 1 ||
,8




i II 1 i




'I A 1 1 !
g
in M A 1 j j P
L 19
Particl • si ze (um).
108
i !"®LJ8
System numter 2845 Diode DR487
Halvun Instruients MASTER Particle Siier ,16.10 Date 20-09-99 Tiae 19-26
Si:r v Size band
iicrcns I under •urons X
18B.0 100.0
III 100.0 188.0 87.2 0.0 i98.7
Is
Ci B







31.2 h 21.520.6 16.7 0.6 :




V, 1:1 !7.5 6.5 10.1
6.2 6.7 7.9 O.. 0.0 :
h
3.4 6.2 1.0 3.3 :
1.3 4.3 u0.9 3.8 9.1 :
2.4 o.: C.4 :











Beai length • 6.4 ii
Obscuration •0.9572






Dtv o.:; = 13.6 ui




S,tt» tu 2043 Diode DR-57
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Systcn lumber 2038 Diode DR487
1G0 1000
JWW_.
Malvern Instruments MASTER Particle Sizer H6.10 Date 20-03-83 Tirse 13-28
Size Size band Result source= test]
Herons X under Bicrons I Record No. = 2





87.2 100.0 183.0 87.2 0.0
jji J 100.0 37.2 jj . j o.c F t £.! length = 6.4 m.
^7 6 93.8 53.5 37.6 0.2 Obscuration =0.3572
?n
J 33.8 37.6 29.1 CO Volume Cone. - 0.3361 7.
21,5 33.8 23.1
1 1 c CO Log. Diff. =6.20
Model indpIE.
7
33.8 21.5 16.7 CO
13.0 38.1 16.7 12.0 1.7
10.1 37.3 13.0 10.1 0.2 Dlv.0.5) = 42.3 uu
7.3 37.3 10.
1
7.3 CO D(v 0.3) = 43.6 us
6.2 37.3 7.3 6.2 0.0 DU.O.l) = 13.6 u'o
4.3 32.3 6.2 4.8 5.0 D(4 3) = 35.0 un
3.8 87.0 4.8 3.3 5.3 0(3,2) = 23.3 urn
3.0 83.4 3.8 3.0 3.6 Span = 0.3
2.4 73.1 3.0 2.4 4.4 Spec. surf, area
1.3 73.0 2.4 6.1 0.2333 sq.R./cc.
System number 2043 Diode DR487
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APPENDIX C (TEST 10)
Malvern Instruments HASTER Particle Sizer H6.10 Sate 20-09-89 Tine 19-39











































Syste* nuiiW 2048 Diode DR487
Malvern Instruments MASTER Particle Sizer M6.10 Date 20-09-89 lime 19-41





.A 11 i tin mi






Systex nunier 2048 Diode DR487
Malvern In*struients HASTER Particle Si z*r 116.10 Date 20-09-B3 Tiee 19-43
[= t*5Size Size Sand
urons I under ncrons I :
188.0 100.0
87.2 100.0 189.0 87.2
53.5
0.0 :
53.5 100. 87.2 0.0 i








^« e 28.1 0.0 :
16.7 32.6 21.5 '6.7 0.0 :
13.0 i.o .0.
io. a 7











































Systti Rdiitr 2^43 3io:e 3R4E
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II _ L LJJJ 1 .11.1 i !
18
10 160





Systen nimber 2838 Diode DM87
Malvern Instruments MASTER Particle Sizer M6.10 Date 20-09-89 Time 13-45
Size Size band Result source- testlO
isicrona 7. under ifucr ons 7. Record No. = 2








100.0 189.0 37.2 CO
53.5 100.0 87.2 Ju. J 0.0 Beam length = 6.4 hi,
37.6 33.3 j j. j
11 r
J/.O 0.2 Obscuration =0.3537
28.1 33. B 37.6 23.1 0.0 Volume Cone. = 0.3287 7.
1< c
CI . J 33.8 23.1 21.5 CO Leg. Ciff. =5.36
Model indp16.7 33.8 21.5 16.7 0.0
13.0 37.8 16.7 13.9 2.0
10.1 37.3 13.0 10.1 0.0 D(v,0.5) = 42.3 un
/ .j 37.8 10.1 7.3 0.0 D(v 0.9) = 43.3 un
6.2 37.
B
7.3 b. * 0.0 D(v 0.1) = 13.6 uu
4.3 35.1 6.2
« n
1. LJ 2.7 D14.3J = 34.6 us
3.3 73.0 4.8 3.8 16.2 0(3,2) = 22.4 um
3.0 73.0 3.8 3.0 1.0 Span =0.8
2.4 76.2 3.0
*> *
1.9 S;'c:. surf, area
1.3 71.6 2.4 1.3 4.6 0.3033 sq.i./cc.
Systea number 2048 Diode DR487
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APPENDIX D (TEST 11)
Malvern Instruments MASTER Particle Sizer M6.10 Date 20-99-39 line 18-14















































5 IB IS 2B 25 3B
'
Ring Ho.
System nuxixr 2048 Diode DR437
Malvern Instruments MASTER Particle Sizer H6.1B Date 20-09-89 Tine 18-16
Id Id
I
! ! ! Il||] j ! i 1 1 III) ! MMi!! 1
> 1 I i I i III 1 M 1 III l Mill











1 IN ii 1
I
1 i 1 III il I
ij n i
i A T_
! 4 1 1 !







System numher 2048 Diode DR487
Malvern Instraaents 1AST£R Particle :;:e » £.10 Sate 20-03-83 Tine '.8-17
S;ze Size bind Result source: testll
lie reus " uncer : ucrons 7. Record No. = 2
for ai length = '.CO u.
fi 100.0 : Experiment type puVolume cistniuhon100.0 : 138.0 37.2 0.0









Vol use Cane. = 0.2244 X
23.1 11
c a <* Us. Sif*. =6.23
"ooel inds34.1 : ii.j lb / o.c
13.0 3.4 : .3.1 2 24.6
10.1 9 3 • 13.0 10 0.1 D(v,0.5! = 39.7 ui
;.3 §.3 : 10.; 7 - c.c 0(y,0.9) = 48.3 ui
5.: 7.9 5 2 0.0 S:»,0.1) = 13.2 ..i
4.2 3.: : • •t O CO 2.1,2: = 32.6 ui







0.0 S;j.' • t.
r
:
0.0 : T '' 2 t
* fl I^ec . S-' ' . 2r i
i
1.3 •3.0 : 2.4 i g o.c ft " I . zr * /..-
Systen nusoer 2C4c Iiooe l?M'
44






















^3 ten niiMber 2048 Diode DR187
Kai.ein Instilments ."ASTER Particle Sizer HE. 10 Cat' 3-S3 Time 20 21
Size Size b and Result source= testll
wicrons 7. undet ncrons X Kecorc i>o. - l
focal length - 100 m.
Exp er it-en? type :ia
Huriiber distributicr.
IBB.O 100.0







F "* r CO Etafi! lei gth = 6.4 ID.it r
ill . b 33.5
en c
J J. J 37.6 0.5 Obscuration -0.8337
28.1 33.3 37.6 28.1 0.2 Volui.it Cone. = 0.2244 I
21.5 33.3 28.1 21.5 0.0 L:-3. Diff. --6.23
16.7 33.3 21.5 16.7 0.0 lloufel in dp
13.0 1G.7 15.0 E.C
10.1 33.2 12.0 10.1 g o D(v.0.5) = 23.7 um
7.3 33.2 10.1 7.3 0.0 D(v,0.3) = 48.3 ur
G.2 J J. u 7.3
r
0.0 D(v.O.l) = 13.3 urn
l.G
'-" 2 6.2 4.8 0.0 DC, 3) s 32.6 ua
3.8 -0.0 4.0 3.B 93.2 D(3,2) = 20.0 urn
3.0 -0.0 3.8 3.0 c.c Span - 0.3
2.4 -0.0 2.0 2.4 0.0 Spec. surf, area
1.3 -0.0 2.4 1.9 0.0 0.3233 5q.B./cc.
S.Stel.i tlUitjer :o ;a Diod ! DR487
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APPENDIX E (TEST 12)
Malvern Instructs HASIEB Particle Sizer M6.10 Date 20-89-89 Tine 19-51


















































Systen niwber 2043 Diode CR437
Malvern Instruments MASTER Particle Sizer H6.10 Sate 20-09-89 Tine 19-53
1W


















Sgsten nuMber 2048 Diode DR487
Malvern Instruments MASTER Particle Sizer N6.10 Date 20-03-89 Tine 13-54
Size* Size Sand


























13.0 15.: 16.7 13.0 13.1 :
i:.: f c 13.C :o.: 8.0 :
7.3 7.4 10.1 7.3 0.1 :
6.2 7.4 7.3 6.2 0.0 :



















t source 1 testl2
rd So. = 2






















S)ittj luioer 2043 D.ice ar*4c7
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Systc-M nuMber 2048 Diode PJU87
Malvern Instruments t'ASTER Par 1 !
Mr i rt n . i
:0 09 S'3 Time 13-
Size
i c r cr. 5 7. under
1G8.0 loe.o
S7.I ICO.
























Record No. r 2
r
c-:al length = ICO m,










L \ T * J f
D(3,2)
Stan






= IS. 6 ua
ll. 5 urn
= 33.6 ua
= 21. 5 urn
= 0.3
System number 2043 Diode DR487
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APPENDIX F (TEST 13)
Malvern Instruments HASTES Particle Sizer N6.10 Sate 20-09-89 Tine 28-22




























Malvern Instruments NflSIEfi Particle Sizer N6.10 Date 20-09-89 Tine 20-24
130-
z 50
! II 1 ! M
1 1 -+ 1 1 1 MM' 1—
-














System nunW 2048 Mode DR4S7
AM.
Halvern lastruients MASTER Particle Sizer '6.10 Date 20-09-63 Tine 20-25
Size Size 5 and Result source= testI3
•lcrons I under ncrons I Record No. = 3









Beat length « 6.4 n.






















Dlv.0.3) • 25.3 a j
&.: 3.7 6.2 Ely 0.1) - 3.0 ui
M Vt S'l 4.3
?.S
L. :
?•* jj(4,3) " 22.0 ua
i-5
*••





'. 0.0 ... v.v
:;>;ej nuiber 234c 2:Owi
48
100r
/. 50 _. --- - - - -- — -
ji 1 1 II
A _...L_ 1 11 II! -
INI !i§L
>ii i i i : 1
\\U 1 ! i i !
Tin i i r i
Am±iA LJ • i Ml ||!U ..! 1 II 1 J
10
Farticle size (uh)




Hal vein Instrwttiis MASTER Farticle Sizer ,18.10 Date 20-03-83 Time 20-27
Size Size band Result source1 t est 1
3
riii cr on s 7. under moons 7. Record Ho. = 3
fecal length - 100 »a.
[.'.p-.'i itsfiH type cia
Number distribution
1BB.0 100.0
87.2 IOC.0 183.0 S7.2 0.0
Uw j lCv. Uf I 4.
en c
0.0 Beasi length = 6.4 : .




ii- 1 ... . r . _ . - n in" v
> \J 1 J l.l C v IfHi < - '. HUU1 1.
21 5 35.1 ?o i
" ' c
1 • L U'.Ui bill* ~U.1U
16.7 35.4 21.5 16.7 fi i"' hOlitl lf'idp
13.0 35.4 16.7 13.0 0.0
10.1 33.0 13.0 10.1 DU.0.5) : 24.8 uiii
7.3 'J.J 10.1 7.3 17.7 Div.G.3) = 28.6 un
6.2 74.4 7.3 6.2 0.3 Dlv.O.l) = 3.0 uk
4.8 73. 6.2 4.8 1.4 0(4.33 = 22.0 ub
3.8 53.0 4.B 3.8 20.0 D;S 2) = IB. 2 ua
3.0 15.2 3.8 3.0 37.3 Span = C.8
1 A
ft 2 3 n 2.4 15.0 E!|;ic. surf, aiea
1.3 0.1 i.. s 1.3 0.1 0.3550 sq.t./cc.
System nuaber 2043 Diode CR437
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S<jste« nunber 2948 Mode DR487












Malvern Instructs MftSTER Particle Sizer Hfe. 10 Date 25-09-89 Tin 10-59
Result source= test 17
Record No. = 1




ncrons I under ncrons t
186.0 100.0
87.2 100.0 18S.0 87.2 0.0 i
53.5 100.0 87.2 53.5 0.0 :
37.6 77.1 53.5 37.6 22.9 :
28.1 34.0 37.6 28.1 43.0 :
21.5 33.6 28.1 21.5 0.4 s
16.7 33.6 21.5 16.7 0.0 :
13.0 24.1 16.7 13.0 9.5 :
10.1 11.2 13.0 10.1 12.9 :
7.9 10.8 10.1 7.9 0.4 :
6.2 10.* 7.9 6.2 0.4 :
4.8 7.5 6.2 4.8 2.9 :
3.8 3.* 4.8 3.6 4.1 :
3.0 2.1 3.8 3.0 1.2 :
2.* 1.8 3.0 2.4 0.4 :

























Systei nuiber 2044 Diode DR487
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Malvern Instruments MASTER Particle Sizer Mb. 10 Date 25-09-89 Tiie 10-54
Size Size land
ncrons % under lcrons
188.0 100.0
87.2 100.0 188.0 87.2 <
53.5 100.0 87.2 53.5 I
37.6 100.0 53.5 37.6 i
28.1 99.9 37.6 28.1 i
21.5 99.9 28.1 21.5 i
16.7 99.9 21.5 16.7 (
13.0 99.7 16.7 13.0 1
10.1 99.1 13.0 10.1 i
7.9 99.0 10.1 7.9 1
6.2 98.9 7.9 6.2 (
4.8 97.7 6.2 4.8
3.8 93.9 4.8 3.8
3.0 91.6 3.8 3.0 i
2.4 90.2 3.0 2.4












Result source= test 17
Record No. = 1
Eocal.lenath = 100 .
Experiment type pia
Nuiber distribution
Beat length = 6.4
Obscuration =0.9607


















Systei nuiber 2048 Diode DR4A7
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